We present an experimental study on the diffraction of light by an aperture small compared with the wavelength. The aperture is illuminated by laser light guided in a metal-clad tapered optical fiber. We investigate different orientations of the aperture in the plane: normal to the cleaved plane, oblique to the cleaved plane, and off-center. We measure the far-field, two-dimensional intensity distributions of the diffracted light as functions of angle coordinates and in a full half-space for various polarization states and analyze the patterns by using low-order multipole fields. We also examine the near-and far-field effects of placing small periodic corrugations near the aperture, focusing on the role of surface-wave excitations. We measure the near-field intensity distributions near the aperture with a near-field scanning optical microscope and discuss their relation to the far-field diffracted fields.
INTRODUCTION
Diffraction of light by an aperture in a plane screen is a classical problem in optics. Recently this problem has attracted renewed interest in the limit of small apertures owing to its importance and implications for near-field optics. 1 We present optical experiments in which the diffraction by a subwavelength-sized aperture in a metal plane is measured in the far-and near-field regimes. Subwavelength-sized metal aperture to confine light to a spot smaller than the wavelength is finding application in near-field scanning optical microscopy (NSOM) as a local light source, a local detector, and a scattering source. 2 Therefore understanding the details of how a small aperture diffracts light in the far-and near-field regimes has direct relevance for NSOM studies. Moreover, it has been suggested that far-field diffraction patterns contain information about near-field interactions, further motivating an experimental study comparing the two regimes. 3 It is also possible that better understanding of diffraction under various aperture conditions will lead to improvements in the functionality of apertured probes, such as polarization control and enhanced throughput, limitations that continue to be a major bottleneck in NSOM technology. More generally, this study addresses the problem of optical diffraction from apertures in various geometries and configurations in the long-wavelength limit that until recently has remained outside the reach of experimental study.
So far, analytic approaches based on a rigorous diffraction theory have focused on the ideal case where the aperture is on a perfectly conducting infinite plane. An extensive review of the literature review on diffraction theory for small apertures is contained in Ref. 4 . Morerecent progress is summarized in Ref. 5 and in Chap. 8 of Ref. 1 . Among the theories, Bethe's method of associating the aperture with effective dipole moments provides useful insights for experiments. 6 It shows that the farfield radiation from the aperture is identical to that of a radiating magnetic dipole located at the center of the aperture for a normally incident plane wave. When a p-polarized plane wave is incident on the aperture, an electric dipole normal to the plane is induced in addition to the magnetic dipole. Generally, if a source is sufficiently small in dimensions compared with the distance over which the fields vary appreciably, it can be usefully approximated by its lowest-order multipole moments. Even if the source is not truly small, the multipole expansion gives a qualitative, and often semiquantitative, understanding of its properties. 7 As an extension of this idea, we recently reported a multipole analysis of the radiation from NSOM probes. 3 In this paper we use the same multipole framework to describe the diffraction results for different aperture geometries.
Whereas far-field diffraction becomes simpler to treat as the size of the aperture decreases, near-field diffraction becomes more complicated, because the specific properties of the material forming the aperture become more important. For a small aperture with a real metal boundary whose conductivity is finite at optical wavelengths, numerical simulations have been employed to calculate the near-field diffraction because of its complicated boundary conditions. 8, 9 For metallic apertures, local field enhance-ment due to surface plasmon effects becomes significant in the near-field regime, 10 leading to qualitatively new phenomena.
There are several noteworthy experimental studies that deal with diffraction by a small aperture in the optical regime. In the near-field regime, Decca et al. investigated the strongly polarization-dependent electric field distributions in a small aperture. 11 In the far-field regime, Obermuller and Karrai measured the angular distribution of the radiation from metal-clad NSOM probes as a function of their diameters. 12 Shin et al. measured the polarization-resolved two-dimensional diffraction patterns of NSOM probes as a function of input polarization states. 13 We should note that since the boundary conditions governing diffraction are more complicated in NSOM probes than in conventional diffraction problems, e.g., the aperture on a plane screen, we can expect the diffraction results to show some qualitative differences.
EXPERIMENTS
For our studies we fabricate a small aperture at the end of an optical fiber by a new technique that has been developed recently for high-power, near-field optical sources. The procedure for producing the structures is depicted in Fig. 1(a) . Sputtered Pt is deposited on tapered fibers prepared either by mechanical pulling or by chemical etching. Then Ni is electroplated onto the Pt-coated tapers. To make the aperture, we mechanically grind the structure with lapping tape that has a grain size of 0.5 m. A full description of the fabrication and the detailed properties of the probe can be found in Ref. 14. Since the transmission of the small aperture drastically decreases as the size of the aperture decreases, efficiently illuminating the aperture with laser light is technically critical for accurate measurements of the diffracted field. Also, to cover the full half-space, measurement of the light diffracting in directions nearly parallel to the metal plane should not be obscured by any defects in the plane of the aperture. The aperture fabricated in our study satisfies these requirements. A small aperture is produced at the center of a circular metal cylinder. The metal-clad taper of the optical fiber connects the aperture to a single-mode fiber waveguide in order to efficiently deliver laser light to the aperture. The cylinder radius of several hundred micrometers is long enough to define a plane on the scale of many optical wavelengths and also is short enough to avoid unwanted defects or interactions with highly diffracted light fields. Additionally, since a thick metal overcoat supports the structure, the aperture region has excellent thermal stability, which makes it possible to inject intense laser light, typically 30 mW of average power, into the fiber without damaging the aperture. Although each probe structure is different, the typical throughput of a 150-nm aperture structure for an 810-nm excitation wavelength, including losses from the taper, is approximately 0.01 percent. The relatively large power (ϳ5 W) that exits the aperture raises the signal to a noise level high enough to facilitate polarization-and angle-resolved diffraction measurements with relative ease. The use of this fabrication process also makes it possible to control the aperture size, the incident angle of the tapered waveguide to the aperture, and the surface conditions of the metal plane.
For measurements of the diffracted fields from the aperture, we use a solid-angle scanner consisting of a detector capable of scanning the surface of a sphere centered at the aperture. The experimental setup is schematically depicted in Fig. 1(c) . At each point on the sphere, light is collected by a fiber bundle with a 1-mm-diameter aperture and detected with a photomultiplier. In this paper the data over the curved surface of the sphere (, ) are represented on a two-dimensional flat surface (x,y) by a simple mapping defined by
A detailed description of the experimental setup, including the solid-angle scanner, can be found in Ref. 13 . For the near-field measurements, we use a commercial NSOM system in collection mode as shown in Fig. 1(b) . An Al-coated, near-field, optical-fiber probe is scanned over the aperture on the metal plane while the distance is kept within a few nanometers from the plane by shearforce distance regulation. In both the far-and near-field measurements, the polarization state of the light emitting from the aperture is controlled by means of a variable wave plate.
RESULTS AND DISCUSSION
A. Aperture on a Normally Cleaved Plane A small aperture is produced in a metal plane normal to the taper. This can be regarded as the normal incidence case that has been treated in most theoretical studies. Figure 2(c) shows the scanning electron microscope (SEM) picture of the fabricated aperture. The white region is Pt, and the outer region is Ni. All structures used for these studies contain the same cladding metals. The aperture diameter is ϳ150 nm. Figures 2(a), 2(b), and 2( f ), 2( g) display the data obtained from two orthogonal linear polarization states for 810-and 488-nm wavelengths, respectively. The 100 ϫ 100 data points are measured for the direction from 0°to 100°and for the direction from 0°to 360°. The arrows indicate the polarization direction as measured relative to the forward direction, i.e., the center of the patterns. When the aperture is smaller than the wavelength, the local polarization states are found to be uniform for the linear polarization cases. However, circularly polarized light does not maintain its polarization state for all diffracted angles. The polarization characteristics of the radiation from small apertures are discussed in detail in Ref. 13 .
To model the far-field diffraction patterns, we use multipole fields as basis functions, since they provide a systematic way to analyze the radiation from a localized source. 3, 15 The mathematical formulation is summarized in Appendix A. It should be noted that the uniformity of the polarization state over the entire diffraction patterns is crucial in this modeling, since it simplifies the phase relation among the multipole fields. The elongation of the intensity distributions along the polarization direction shows that the radiation from the small aperture is predominantly magnetic, which agrees with Bethe's theory.
Figures 2(d) and 2(h) show the results from the multiple model using dipoles, quadrupoles, and octupoles for 810-and 488-nm light, respectively. The corresponding coefficients, which are normalized to the strongest magnetic dipole term, are listed in Tables 1 and 2 , respectively. The linear polarization state is described by both of the multipole fields of m ϭ 1 and m ϭ Ϫ1, corresponding to left-handed and right-handed circular polarization. Tables 1 and 2 show that higher orders contribute more to the far-field intensity as the wavelength decreases for a given aperture size. The considerable quadrupole and octupole terms imply that even higher orders are necessary to model the data more precisely for the 150-nm aperture. However, errors inevitably contained in the experimental data prohibit accurate decompositions into higher orders, so inclusion of many orders does not lead to better modeling. If the coefficients in Table 1 are compared with those of the metal-clad NSOM probes in Ref.
3, the increase in the magnetic quadrupole term is noticeable. This confirms the intuitive thinking that a metal plane boundary will prefer a magnetic quadrupole term that contributes zero electric field in the theta direction on its horizon, as shown in Fig. 8 below. The cross sections along and normal to the polarization direction are shown in Figs. 2(e) and 2(i). While the direction normal to the polarization is in good agreement with the model, the direction along the polarization shows some discrepancies. This is presumably because the propagation of light polarized normal to the metal plane is affected by interactions with the metal plane surface, as we will see later.
B. Aperture on an Obliquely Cleaved Plane
An aperture is produced in a metal plane that is tilted away from the taper. This corresponds to oblique incidence of light on the aperture. Figure 3( g) shows the structure and the SEM picture of the aperture. The aperture diameter is ϳ250 nm. Figures 3(a)-3( f ) show the intensity distributions of the diffracted fields for various polarization states of 810-nm light. In the data representation, the vertical direction corresponds to the direction normal to the incident plane. The p-polarized case in Fig. 3(a) shows a small asymmetry, indicating the existence of an electric dipole normal to the plane. We find that the total throughput of the aperture integrated in all directions depends on the polarization direction as shown in Fig. 3(h) . The s-polarized (p-polarized) light shows the maximum (minimum) transmission efficiency. If we apply Bethe's classical dipole model directly, this observation is opposite to the theory. Since the weighting factor of the magnetic dipole on the plane is twice that of the electric dipole normal to the plane in Bethe's far-field, the p-polarized light whose full magnetic field is on the plane should have higher radiation power than the s-polarized light whose full electric field is on the plane. 6 This contradictory result might be accounted for by the fact that the aperture is elongated along the intersection of the incident plane and the metal plane due to the fabrication procedure. For an elliptical aperture the throughput is maximum when the polarization direction is normal to the longest axis, which corresponds to the s-polarized light in this measurement. The polarization-dependent throughput observed in some NSOM probes can be attributed to this phenomenon and seems to outweigh other factors.
Figures 3(i) and 3( j) show the p-polarized and s-polarized cases for the same aperture with 488-nm light, respectively. The p-polarized light shows clear asymmetry that concentrates the radiation to the side to which the tapered waveguide originally points. The corresponding multipole models for describing the diffracted fields are displayed in Figs. 3(k) and 3(l) . The coefficients used in Fig. 3(k) are listed in Table 3 . The same multipoles without the electric dipole normal to the plane are used in Fig. 3(l) . Cross-sectional views comparing the data with the model are shown in Fig. 3(m) . Interestingly, the weighting factor of 0.35 is exactly what Bethe's theory predicts for an incident angle of 45°. The weaker-than-expected asymmetry seen in Fig. 3(a) may be due to deformations in the phase structure of the light field incident on the aperture as a result of propagating through the metal-clad tapered waveguide. In general, the illumination condition at the aperture is not a simple plane wave but a more complicated wave front. This makes direct quantitative comparisons with the idealized Bethe theory less significant.
C. Off-Centered Aperture
An aperture is produced at a position that is shifted away from the center axis of the fiber as shown in Fig. 4(a) . The metal plane is normal to the taper and has macroscopically uniform scratches intentionally prepared on it. The fabricated aperture is somewhat elongated along the radial direction from the center of the taper. It is approximately 270 and 135 nm long in the longest and shortest directions, respectively. We observe strong polarization selectivity in this aperture. Figure 4(b) shows the diffraction pattern for the polarization condition that gives the highest throughput. With the scratches used as directional markers, Figs. 4(a) and 4(b) are arranged such that they reflect the correct relative orientation. Figure 4 (c), which is the contour plot of Fig. 4(b) , is displayed to confirm the direction of polarization found in the diffraction pattern. We can readily observe that the polarization normal to the direction in which the aperture is positioned generates the highest throughput. The other orthogonal polarization produces negligible throughput. As a consequence, this aperture works as an efficient polarizer so that the emission is linearly polarized regardless of the input polarization state. Since the longest axis of the aperture's elongation and the direction in which the aperture is positioned from the center are parallel, we cannot be sure which is the major reason for the polarization selectivity. Possibly the two asymmetries reinforce each other such as to result in the phenomenon. This type of structure may be used to control the polarization state in NSOM probes.
D. Aperture on a Corrugated Plane
It is often noted that radiation from small apertures is very sensitive to the quality of the surrounding metal film. 3, 12 In this subsection, the radiation from the aperture on a rough metal surface is investigated. In particular, gratinglike line defects are introduced near the aper- ture, and their effects on the radiation associated with the polarization direction are studied. The aperture diameter is ϳ200 nm, as shown in the SEM image [ Fig. 5( g) ].
The topographic scan in Fig. 5(h) shows that the line defects, or surface scratches, are oriented parallel to each other and are separated by ϳ0.5 m. We measure the modulation depth to be ϳ15 nm. The actual modulation may be larger, however, since the near-field tip used for topographic scans may not be sharp enough to resolve the depth precisely. The fringes in Figs. 5(b) and 5(e) are interesting in three respects. First, even though the aperture is smaller than the wavelength, the far-field radiation contains polarization-dependent structure that is too fine to be attributable to the aperture alone, strongly indicating that the surrounding ''scratched'' region is contributing to the far-field radiation. Second, the aperture is smaller than the period of the scratches, so that light emanating from the aperture cannot directly encounter a scratch in a geometrical sense. Despite this, the fringes are sensitive to the scratches; they appear only when the polarization direction is not aligned to the scratches. Finally, longerwavelength light ( ϭ 810 nm) exhibits a denser fringe pattern than shorter-wavelength light ( ϭ 488 nm). If the fringes arise from interference of light scattered from fixed positions near the aperture, such as from pinhole defects in the film, then shorter-wavelength excitation would produce a denser fringe pattern. However, the data show a completely opposite tendency, pointing instead to the presence of surface waves that propagate along the polarization direction for distances roughly proportional to the excitation wavelength.
To confirm that the far-field fringes are related to surface scratches, we reconstruct the near-field fringe from far-field data. Since the recorded fringes are due to the interference between a primary wave from the aperture and a secondary wave presumably scattered from near the aperture, far-field data can be thought of as a hologram of the scattered light. In this case, the primary wave, which corresponds to the reference wave of the hologram, can be considered to have a simple phase structure, exp(ikr), because the source dimension is smaller than the wavelength. The depth of the interference fringes indicates that the secondary wave contains only a few percent of the total field that is leaving the aperture. Since the reference wave dominates the total radiation, we can obtain the amplitude of the primary wave by smoothing the far-field data. Using this reference wave and the recorded hologram, we calculate the near field as follows:
where I ff (, ), I ffsm (, ), n, k, and R are the far-field data, the smoothed far-field data, the unit radial vector, the wave vector, and the distance between the hologram and the origin, respectively. The reconstructed near field is symmetric under the inversion operation of x. This is because the loss of the phase information in the measurement of the hologram leads to an overlap of real images and virtual images, which is the general problem associated with Gabor holograms.
16 Figure 6 shows the reconstructed near-field intensity distributions near the aperture. The large referencewave background is reduced by subtracting the near-field of the reference wave alone from the total near field. The vertical scales are adjusted to highlight the scattering sites near the aperture. It should be noted that subwavelength details near the aperture cannot be retrieved and resolution degrades as the wavelength increases, since the reconstruction is diffraction limited. For polarization perpendicular to the surface scratches [Figs. 6(a) and 6(c)], line-shaped scattering is discernible, verifying that the far-field interference fringes are related to the underlying line defects. Additionally, we notice that the distances between the aperture and the line-shaped modulations in Fig. 5(a) are longer than those in Fig. 6(c) . This means that the longer the wavelength is, the wider the area contributing to the far-field radiation is. On the other hand, the line defects are barely reconstructed when the polarization is along the surface scratches [Figs. 6(b) and 6(d)]. Direct near-field optical scans of the aperture taken with a near-field optical microscope are discussed in Subsection 3.E.
E. Near-Field Intensity Distribution
In near-field experiments using commercial NSOM probes that have 100-nm apertures, we encountered the difficulty that near-field images depend strongly on the properties of the probes themselves. In fact, this is a fundamental problem in near-field measurements, since the approaching probe inevitably perturbs the near field of interest. In particular, metal structures show poor reproducibility with different probes, which seem to stem from surface-plasmon excitation on the metal surface. Therefore one has to be careful in interpreting near-field images obtained with different probes. Figure 7 shows near-field images of the aperture shown in the SEM picture of Fig. 7(e) . The aperture diameter is ϳ250 nm, and 488-nm-wavelength laser light is used. Figures 7(a)-7(d) are acquired by successive scans of the same probe with the same aperture. The arrows at the left-bottom corners indicate the polarization directions, each of which is controlled without introducing any perturbations on the scanning or the shear-force feedback by adjusting a variable wave plate located far from the scanner. The topography, obtained simultaneously with the near-field images, is displayed in Fig. 7( f ) . The microscopic roughness-in-height variation is less than 10 nm.
We clearly observe that the near-field images extend beyond the physical dimensions of the aperture along the direction of polarization. It should be noted that the sidelobes are not observed when the NSOM probe is retracted from the plane. These sidelobes are in qualitative agreement with the near-field images reconstructed from far-field data, indicating that energy propagates away from the aperture along the polarization direction. However, we could not resolve the field distribution inside the aperture as reported in Ref. 11, even though the aperture has a well-defined circular boundary, as seen in Fig. 7( f ) . This is probably because the local field enhancement at the aperture boundary and the metal coating of the probe that is due to surface-plasmon effects smears out any fine structure. The important aspect of these observations is that surface-wave excitation can dominate the near-and far-field responses for these apertures under certain illumination conditions.
CONCLUSIONS
We have presented an experimental study on the diffraction of light by a single subwavelength-sized aperture in a metal plane in which we directly measure the polarization-resolved, far-field response. We investigate different orientations of the aperture in the plane: normal to the cleaved plane, oblique to the cleaved plane, and off-center. We also explore the role that small corrugations placed near the aperture have on the near-and farfield patterns. The results have strong implications for near-field optics, especially in regard to the underlying physics of diffraction occurring at near-field optical probes.
In the far-field measurements with the solid-angle scanner, the two-dimensional intensity distributions of the diffracted fields are measured for all directions in the full half-space. When the aperture plane is perpendicular to the taper, multipole analysis of the diffraction from a 150-nm aperture demonstrates that contributions from higher orders increase as the wavelength decreases. When the aperture plane is tilted to the taper, we observe that the 250-nm aperture shows a maximum (minimum) throughput with s-polarized (p-polarized) light. Moreover, the directionality of the incident light is found to produce an asymmetric diffraction pattern with the p-polarized light, which can be described by introducing an electric dipole normal to the metal plane. For the elongated aperture whose position is offset from the center of the tapered waveguide, we observe strong polarization selectivity, a feature imminently applicable for polarization control in NSOM probes. For the aperture on a corrugated metal plane, we observe polarization-sensitive interference attributable to the scattering of surface waves that propagate along the polarization direction and whose decay length is proportional to the wavelength. In the near-field measurements of the 200-nm aperture using a NSOM, we observe sidelobes in the image that extend along the direction of polarization and that are consistent with far-field measurements.
In this study we use a metal-clad tapered waveguide for efficient illumination of an aperture on a metal plane. The results in Subsections 3.B and 3.C seem to be partly dependent on the waveguide. The effects from this waveguide structure are another issue of practical and fundamental importance. In particular, throughput of small apertures has been improved drastically by suitable tailoring of the waveguide structures. 17 However, it should be emphasized that far-field diffraction of a subwavelength aperture has generality because it is a geometric problem that is insensitive to the complications in illumination. In terms of multipoles, while high orders reflect the details of near fields, which are sensitive to the illumination conditions, low orders do not. The specific decomposition into low-order multipoles can be considered to be a purifying process in which the effects from complicated wave fronts in the illumination are discarded. On the other hand, the near-field diffraction should depend strongly on the illumination conditions. The results in Subsection 3.E present features that are independent of the complications from sample and probe structures.
The far-and near-field data presented in this paper can be employed to test the validity of theories or numerical simulations on diffraction problems. The multipole models presented in this paper are also applicable to experiments containing small apertures. Furthermore, the ap- (e) Topography obtained by shear-force detection. The aperture is located at the center of the image, and the bright point is a dust particle. Excluding the dust particle, the darkest (brightest) regions correspond to 0 nm (25 nm). ( f ) SEM picture of the aperture. The bars in (e) and ( f ) are 1 m long. All images except ( f ) have the same magnification and orientation. erture structure used in this work provides a new method to study the light propagation in sophisticated waveguides and to study the influence that conditions at the terminating end face have on light emission. In addition, the surface waves excited at the aperture of these structures offer new ways to explore the interactions of surface excitations with particular defect profiles produced near the aperture.
, where a M (l, m) and a E (l, m) are the coefficients of the magnetic and the electric multipole, respectively, of order (l, m).
For circular polarization, only m ϭ 1 or m ϭ Ϫ1 terms are necessary, depending on their helicity, since the multipole fields have definite angular momentum of mប in the far-field regime. Therefore to model linearly polarized diffraction patterns, the terms m ϭ 1 and m ϭ Ϫ1 are both required. Since there are simple relations between the m ϭ 1 and m ϭ Ϫ1 terms such as lϪ1 ͑ , ͒ ϭ l1 ͑ , ͒*, lϪ1 ͑ , ͒ ϭ l1 ͑ , ͒*, the corresponding coefficients are not independent but are related to each other as follows: 
